We report the discovery of HAT-P-38b, a Saturn-mass exoplanet transiting the V=12.56 dwarf star GSC 2314-00559 on a P = 4.6404 d circular orbit. The host star is a 0.89 M ⊙ late G-dwarf, with solar metallicity, and a radius of 0.92 R ⊙ . The planetary companion has a mass of 0.27 M J , and radius of 0.82 R J . HAT-P-38b is one of the closest planets in mass and radius to Saturn ever discovered.
Introduction
Transiting extrasolar planets (TEPs) provide unique opportunities to study the bulk physical properties (mass, radius, mean density) of planetary mass objects. These data can be compared with theoretical predictions based on planet interior models to give us insight into the formation and evolution of planets (e.g. Baraffe et al. 2008; Fortney et al. 2007; Burrows et al. 2007; Seager et al. 2007 ). To date, more than 150 TEPs identified by dedicated photometric surveys have been confirmed by dynamical mass determinations 1 , and the planets have been found to show great diversity in their properties. For example, at the high-mass end Jupiter-mass and super-Jupiter-mass planets (M > ∼ 0.4 M J ), which are most likely H/He-dominated gas giants, exhibit a wide range of radii and inferred core masses (e.g. Cabrera et al. 2010; Anderson et al. 2011) . At the low-mass end (M < ∼ 0.1 M J ), super-Earths and Neptunes may have diversity in their bulk compositions (e.g. Valencia et al. 2010; Charbonneau et al. 2009; Lissauer et al. 2011) .
In between, the sample size of known Saturn-mass TEPs (0.1 < M < 0.4M J ) 2 is still quite small probably because these planets are intrinsically rare at short orbital periods 1 e.g. http://exoplanets.org There is no strict definition of Saturn-mass planets. The mass range is somewhat arbitrarily set limit for these lighter TEPs. (Hartman et al. 2009 ). However, the 11 previously known Saturn-mass TEPs also appear to show diverse properties, like the more massive planets, with a wide range of mean densities, from 0.3 to 2.3 times that of Saturn (ρ p = 0.19 g cm −3 for WASP-39b and ρ p = 1.6 g cm −3 for CoRoT-8b, respectively; Faedi et al. 2011; Borde et al. 2010) . A correlation between metallicity and inferred core mass (e.g. Hartman et al. 2009; Miller & Fortney 2011) , and also between metallicity, irradiation (planetary equilibrium temperature), and planet radii has been suggested for the Saturn-mass TEPs (e.g. Enoch et al. 2011; Béky et al. 2011 ), but it should be confirmed by collecting a larger number of samples.
The Hungarian-made Automated Telescope Network (HATNet; Bakos et al. 2004 ) survey for transiting exoplanets (TEPs) around bright stars (9 < ∼ r < ∼ 14.5) operates six wide-field instruments: four at the Fred Lawrence Whipple Observatory (FLWO) in Arizona, and two on the roof of the hangar servicing the Smithsonian Astrophysical Observatory's Submillimeter Array, in Hawaii. Since 2006, HATNet has announced and published 37 TEPs (e.g. Hartman et al. 2011b) . In this work we report our thirty-eighth discovery, around the relatively bright star GSC 2314-00559. HAT-P-38b is one of the closest planets in mass and radius to Saturn ever discovered.
In Section 2 we summarize the detection of the pho-[Vol. , tometric transit signal and the subsequent spectroscopic and photometric observations of HAT-P-38 to confirm the planet. In Section 3 we analyze the data to rule out false positive scenarios, and to determine the stellar and planetary parameters. Our findings are discussed in Section 4.
Observations
The observational procedure employed by HATNet to discover TEPs has been described in detail in several previous discovery papers (e.g. Bakos et al. 2010 , Latham et al. 2009 ). In the following subsections we highlight specific details that are pertinent to the discovery of HAT-P-38b.
Photometric detection
The transits of HAT-P-38b were detected with the HAT-5 telescope in Arizona and the HAT-8 telescope in Hawaii. A total of 2381 exposures of 5 minutes and 6126 exposures of 3 minutes were obtained in Sloan r band for a ∼ 10
• × 10
• field containing GSC 2314-00559 between August and November 2010. We reduced these observations to light curves for the 36,000 stars in the field with r < ∼ 14.5 whose positions were derived from the Two Micron All Sky Suvey catalog (2MASS; Skrutskie et al. 2006 ) using a custom image subtraction (Alard 2000) based procedure with discrete kernels (Bramich 2008) , as described in Pál (2009) . After decorrelating against external parameters and detrending with the Trend Filtering Algorithm (TFA; Kovács et al. 2005) , we achieved a perimage photometric precision of 3.5 mmag for the brightest stars in the field. The light curves were searched for transits using the Box Least-Squares (BLS; Kovács et al. 2002) Droege et al. 2006) , with a period of P = 4.6404 days (see Figure 1 ).
Reconnaissance Spectroscopy
High-resolution, low-S/N reconnaissance spectra were obtained for HAT-P-38 using the Tillinghast Reflector Echelle Spectrograph (TRES; Fűrész 2008) on the 1.5 m Tillinghast Reflector at FLWO. Three TRES spectra of HAT-P-38 were obtained, reduced and analyzed to measure the stellar effective temperature, surface gravity, projected rotation velocity, and radial velocity (RV) via crosscorrelation against a library of synthetic template spectra. For details see Quinn et al. (2012) and Buchhave et al. (2010) . The resulting measurements are given in Table 1 .
These observations revealed no detectable RV variation at the ∼ 0.1 km s −1 precision of the observations. Additionally the spectra are consistent with a single, slowly-rotating, dwarf star.
High resolution, high S/N spectroscopy
We proceeded with the follow-up of this candidate by obtaining high-resolution, high-S/N spectra to detect and characterize RV variations induced by the putative planet. For this we used the High-Dispersion Spectrograph (HDS; Noguchi et al. 2002) with the I 2 absorption cell on the Subaru telescope. We obtained a total of 16 spectra, including two I 2 -free observations which we used to construct a template for the RV measurements. The observations were made on four nights between 2011 August 05 and 2011 August 08 using the KV370 filter, a 0.
′′ 6 × 2. ′′ 0 slit, giving a wavelength resolution (λ/∆λ) of 60000, and the StdI2b setup, covering a wavelength region of 3500-6200Å. We used exposure times of 10 to 20 minutes, yielding a S/N per resolution element of 45 to 80 at 5500Å, depending on seeing. The spectra were extracted and reduced to relative RVs in the solar system barycentric frame following the procedure of Sato et al. (2002) and Sato et al. (2005) , which is based on the method by Butler et al. (1996) . In this technique a star+I 2 spectrum is modeled as a product of a high resolution I 2 and a stellar template spectrum convolved with a modeled instrumental profile (IP) of the spectrograph. To obtain the stellar template, Sato et al. (2002) extracted a high resolution stellar spectrum from several star+I 2 spectra. However, we have since found that when applying this technique for obtaining a template for the HDS spectra systematic errors sometimes appear in the resulting RVs. These errors disappear when when we use a stellar template obtained by deconvolving a pure stellar spectrum with the spectrograph IP estimated from a B-star+I 2 spectrum. We applied this latter technique to generate the template for our HDS observations of HAT-P-38. The resulting RV measurements and their uncertainties are listed in Table 2 . The period-folded data, along with our best fit described below in Section 3, are displayed in Figure 2 .
In addition to the HDS/Subaru observations, we also obtained a single high-resolution, high-S/N spectrum us- Uncertainties on T eff , log g, v sin i, and the RV are ∼ 100 K, 0.1 dex, 0.5 kms −1 , and ∼ 0.1 kms −1 , respectively. The stellar parameters were derived with the assumption of [Fe/H] = 0.0.
ing the HIRES instrument (Vogt et al. 1994 ) on the Keck I telescope. This observation was made without the I 2 absorption cell on the night of 2011 February 19, and was used to determine the stellar parameters as described in Section 3.1. A bisector analysis based on the HDS spectra was done following a procedure similar to that described in Section 5 of Bakos et al. (2007b) . The resulting bisector spans, plotted in Figure 2 , show no significant variation, and are not correlated with the RVs. The combination of no detectable bisector span variations, RV variations consistent with a Keplerian orbit in phase with the photometric ephemeris, and short ingress and egress durations relative to the full transit duration (Section 2.4), is strong evidence that HAT-P-38 is not a blend, but rather a real TEP system.
In the same figure we also show the relative S index (Vaughan, Preston & Wilson 1978) , which is a measure of the chromospheric activity of the star derived from the flux in the cores of the CaII H and K lines. Note that our relative S index has not been calibrated to the scale of Vaughan, Preston & Wilson (1978) . Following Isaacson & Fischer (2010) , we measured S HK = 0.144 on the calibrated scale using the Keck/HIRES iodine-free observation. This corresponds to a bolometric flux-corrected activity measure of log R ′ HK = −5.124 using the definition of Noyes et al. (1984) . The star is inactive, consistent with its slow projected rotation velocity.
Photometric follow-up observations
In order to accurately characterize the system, we conducted additional photometric observations with the KeplerCam CCD camera on the FLWO 1.2 m telescope. Observations were performed on the nights of 2011 September 25, and 2011 November 1, in both cases using a Sloan i filter. On the first night we used an exposure time of 100 s, on the second night we used an exposure time of 90 s. Due to the limited accuracy of the ephemeris calculated from the HATNet data the transit occurred earlier than expected on 2011 September 25, so that only the end of egress was observed. We used this data to revise the ephemeris so that a full transit was observed on the night of 2011 November 01.
The reduction of these images, including basic calibration, astrometry, and aperture photometry, was performed in a similar fashion to previous HATNet discov- Table 5 ). Zero phase corresponds to the time of mid-transit. The center-of-mass velocity has been subtracted. eries (Bakos et al. 2010) . We used the "ELTG" model described in Bakos et al. (2010) to remove trends simultaneously with the light curve modeling. The final time series are shown in the top portion of Figure 3 , along with our best-fit transit light curve model described below; the individual measurements are reported in Table 3 .
Analysis
The analysis of the HAT-P-38 system, including determinations of the properties of the host star and planet, was carried out in a similar fashion to previous HATNet discoveries. Below we briefly summarize the procedure and the results for HAT-P-38.
Properties of the parent star
Stellar atmospheric parameters were measured using our template spectrum obtained with the Keck/HIRES instrument, and the analysis package known as Spectroscopy Made Easy (SME; Valenti & Piskunov 1996) , along with the atomic line database of Valenti & Fischer (2005) . SME yielded the following values and uncertainties: effective temperature T eff⋆ = 5330 ± 100 K, metallicity [Fe/H] = +0.06 ± 0.1 dex, stellar surface gravity logg ⋆ = 4.42 ± 0.1 (cgs), and projected rotation velocity v sin i = 0.4 ± 0.5 km s −1 . The values of T eff⋆ , log g ⋆ , and [Fe/H] were used to determine the limb-darkening coefficients needed in the global modeling of the follow-up photometry. Following Sozzetti et al. (2007) we used a/R ⋆ , the normalized semimajor axis, rather than the surface gravity estimated from the spectrum, in determining the physical stellar parameters. We combined a/R ⋆ , T eff⋆ , and [Fe/H] with stellar evolution models from the Yonsei-Yale (YY) series by Yi et al. (2001) to determine probability distributions of other stellar properties, including log g ⋆ . The result for the surface gravity, log g ⋆ = 4.45 ± 0.08, is consistent with the value from our SME analysis, so we did not perform an additional iteration of SME with a fixed surface gravity.
We find that HAT-P-38 has a stellar mass and radius of M ⋆ = 0.886 ± 0.044 M ⊙ and R ⋆ = 0.923 +0.096 −0.067 R ⊙ , respectively. These, along with other properties, are listed in Table 4 . We find that the system has an age greater than 1.7 Gyr with 95% confidence. We show the inferred location of the star in a diagram of a/R ⋆ versus T eff⋆ , analogous to the classical H-R diagram, in Figure 4 .
Global modeling of the data
We modeled the HATNet photometry, the follow-up photometry, and the high-precision RV measurements using the procedure described in detail by Bakos et al. (2010) .
The resulting parameters pertaining to the light curves and RV curves, together with derived physical parameters of the planet, are listed in Table 5 .
We find a mass for the planet of M p = 0.267 ± 0.020 M J and a radius of R p = 0.825 +0.092 −0.063 R J , leading to a mean density ρ p = 0.59±0.16 gcm −3 . These and other planetary parameters are listed at the bottom of Table 5 . We note that the eccentricity of the orbit is consistent with zero: k ≡ e cos(ω) = 0.003 ± 0.028 and h ≡ e sin(ω) = −0.018 ± 0.083 (e = 0.067±0.047, ω = 240±104
• ). We find e < 0.165 with 95% confidence. 
Discussion
HAT-P-38b belongs to the small, but increasing group of Saturn-mass planets (0.1 < M < 0.4M J ; Figure 5 ; Table 6 ). Of the 12 known Saturn-mass TEPs, HAT-P38b is the planet closest in mass and radius to Saturn, along with WASP-29b (M p = 0.244 ± 0.020 M J , R p = 0.792 +0.056 −0.035 R J , ρ p = 0.65 ± 0.10 g cm −3 ; Hellier et al. 2010 ) and the somewhat lower density planets Kepler-9b and Kepler-9c (ρ p ∼0.4-0.5 g cm −3 ; Holman et al. 2010 ). Other Saturn-mass TEPs include the inflated, low-density (ρ p ∼0.3 g cm −3 ) planets HAT-P-12b (Hartman et al. 2009 ), HAT-P-18b, HAT-P-19b (Hartman et al. 2011a ), WASP-21b (Bouchy et al. 2010) , and WASP-39b (Faedi et al. 2011) , and the dense planets CoRoT-8b (Borde et al. 2010) , Kepler-16ABb (Doyle et al. 2011) , and HD 149026b (Sato et al. 2005 ) with ρ p > ∼ 0.9 g cm −3 . For 0.1-0.6 M J planets, Enoch et al. (2011) find that planetary radius is proportional to planetary equilibrium temperature and inversely proportional to host star metallicity, with hotter planets having more inflated radii and planets orbiting lower metallicity stars have larger radii (perhaps because they have smaller metal-rich cores). The observed radius for HAT-P-38b is slightly smaller than that expected from the relationship (0.83 R J compared to the expected value of 0.97 R J based on the equation (3) in Enoch et al. 2011) , but is still consistent with the general trend.
HAT-P-38b provides a clear example that irradiation is not the sole factor affecting the radii of Saturn-mass planets as it has a higher planetary equilibrium temperature (T eq = 1082 K) than that of inflated planets such as HAT-P-12b (R p = 0.959 R J , T eq = 963 K) and HAT-P18b (R p = 0.995 R J , T eq = 852 K). Metallicity is clearly another important factor in setting the radii of planets in this mass range. From the theoretical models of Fortney et al. (2007) , HAT-P-38b could have a heavy-element core of ∼ 25 M ⊕ , fitting the general trend that higher-metallicity systems have larger inferred cores and thus smaller planetary radii. However, the recently discovered planets violate this pattern; HAT-P-18b and HAT-P-19b have low densities even with high metallicity ([Fe/H] = +0.10 and +0.23, respectively), while the circumbinary planet Kepler-16ABb has a high density even with low metallicity ([m/H] = −0.3), suggesting that the relationship is not so simple. Continued discoveries over a wide range of planetary and stellar parameters will allow us to further investigate the nature of these Saturn-mass planets.
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YY+a/R ⋆ +SME Age (Gyr) . . . . . 10.1 ± 4.8
YY+a/R ⋆ +SME Distance (pc) c . 249
YY+a/R ⋆ +SME a SME = "Spectroscopy Made Easy" package for the analysis of high-resolution spectra (Valenti & Piskunov 1996) . b YY+a/R⋆+SME = Based on the YY isochrones (Yi et al. 2001 ), a/R⋆ as a luminosity indicator, and the SME results. c Determined by comparing the 2MASS Ks magnitude to the predicted absolute M K magnitude.
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